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ZEUS Activation Foils Report for 
Experiments 1-5 

Calvin Moss, John Bounds, and Peter Jaegers 

Introduction 
The ZEUS experiments were conducted using the COMET vertical assembly machine at the Los Alamos 
Critical Experiments Facility (LACEF) at the Los Alamos National Laboratory (LANL).  The 
experiments were designed to check the adequacy of cross sections in the intermediate-energy range.  For 
the first four experiments, 12 kg highly enriched uranium (HEU) layers were sandwiched between 
different numbers of graphite plates in a vertical stack.  In the first four experiments, a unit cell consisted 
of n graphite plates, an HEU layer, and then another n graphite plates. The unit cells were stacked until 
criticality was obtained. Experiments 1, 2, 3, and 4 contained decreasing amounts of graphite, where the 
unit cells value n was 4, 3, 2 and 1 respectively. In experiment 5 the HEU plates were in direct contact 
with each other to evaluate cross sections in the fast-energy range.  A detailed description of experiments 
1-4 is provided in reference [1], and of experiment 5, in reference [2]. 

In order to investigate the cross sections in more detail, some ZEUS runs were made with activation foils 
inside the assemblies.  Ratios of the activations of various foils are a standard method of measuring the 
gross neutron spectrum shape.  A more detailed spectrum can be determined by simultaneously unfolding 
the response of several foils.  This report describes the unfolding of the ZEUS activation foils data.  The 
focus in this analysis is on the fast-energy range, especially at > 5 MeV. 

Unfolding Codes 
Activation foils can be used to measured neutron spectra when other techniques, such as time of flight or 
scintillation detectors, are not possible.  The foil is exposed to the neutron flux for a period of time and 
then removed so that the induced radioactivity may be counted, typically using gamma and beta counting 
methods.  The different materials in the foils respond differently because cross sections for the reactions 
on each material are different.  These differences can be used to determine the neutron spectrum with 
unfolding analysis.  Basically, a trial spectrum is varied, subject to some constraints, to give the best 
simultaneous fit to the induced activities in all of the foils.  In many cases the code will calculate an 
acceptable spectrum when the trial spectrum is only a rough approximation of the expected finally fitted 
spectrum.   However, the final spectrum may be more accurate when the trial spectrum is close to the 
final spectrum. 

Several analysis methods with corresponding computer programs have been developed to do the 
unfolding.  One of the early uses of activation foils was the measurement at Los Alamos of the spectra 
from the fission of 235U, 233U, and 239Pu [3].  In 1967, SAND-II, developed at the Kirkland Air Force 
Weapons Laboratory, was published [4].  In 1994, Sandia National Laboratory published an improved 
version of the SAND-II code and a user’s manual [5].  The neutron spectrum at the Missouri University 
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of Science and Technology Research Reactor was determined with the SAND II code [6].  The neutron 
spectrum from the Target-Moderator-Reflector-1 at the Indiana University was also characterized with the 
SAND-II code [7].  These early codes lacked adequate constraints on the fits, especially when the 
response functions contained resonances.  More recently, several different codes and applications have 
been reported.  GRAVEL is a slightly modified version of SAND-II and has been used for some 
measurements [8].  Dehimi et al. proposed unfolding with Fisher Regularisation [9].  Many of the codes, 
including SAND II, require a trial spectrum as a-prior input.  The GAMCD (Genetic Algorithm and 
Monte Carlo Deconvolution) was developed by a group in India and does not require a-prior input.  
GAMCD was used to measure the neutron spectrum from the p+Be reaction at 20 MeV [10].  The 
MINUIT code in the CERN Cernlib, with smoothness and shape constraints, was used by researchers 
from Algeria to unfolded reactor data [11].  Tripathy et al.compare several different unfolding codes [12].  
For the present report, we chose to use the Few Channel Maximum Entropy (MAXED) code, which was 
part of the U_M_G (Unfolding and Maxed and Gravel) version 3.3 code prepared by Reginatto et al. at 
the Physikalisch-Technische Bundesanstalt (PTB) in Germany because it was the only one readily 
available, except for the older code SAND II and its slight revised version GRAVEL [13].  The code and 
the manual were obtained from the Radiation Safety Information Computational Center (RSICC) at the 
Oak Ridge National Laboratory. 

MAXED Unfolding Code 
The MAXED code received from RSICC was a FORTRAN program.  It contains 34 subroutines, and the 
most important one is the SA subroutine.  SA implements the continuous simulated annealing global 
optimization algorithm by trying to find the global optimum of an N dimensional function.   Initially, the 
code would not compile with the GFORTRAN compiler running on a PC.  The code contained commands 
from FORTRAN 77, FORTRAN 90, and probably other versions.  It also contained commands that were 
required for some specific computers.  After these were modified or removed, the program did compile.   
Next, simple test data, which were supplied with the code for Bonner spheres, were attempted, and the 
results were not correct.  Print debugging statements were inserted in the program to locate the problems 
and then make modifications.  Now, the program can process a set of foils data in approximately two 
minutes or less. 

The input MAXED files are the following. 

1. Control file, which contains names of other files and fitting parameters 
2. Measured data  
3. Response functions 
4. Output file name 
5. Default  spectrum 

The Appendix provides some partial examples of these files. 

Response Functions 
The response function for a reaction is equal to the cross section for the reaction multiplied by the number 
of target isotope nuclei in the foil.  For the present analysis, 640 energy bins were chosen in order to 
provide sufficient detail of structure in the spectrum.  This choice is a standard that has been used in other 



3 
 

published reports [5].   The MCNP code was used to bin the ENDF VII cross sections into 640 bins.  
MCNP was also used to bin the cross sections when the foils were covered with cadmium to eliminate 
low-energy reactions.  Figure 1 shows plots of the effective cross sections.  Without a cadmium cover, the 
plotted cross sections are just the binned ENDF VII cross sections.  With a cadmium cover, the cross 
sections have been corrected by the attenuation of the neutrons by the cadmium to provide effective cross 
sections.  The cross sections for the (n,g) reactions at < 100 keV are very large, but the focus in this report 
is on the fast-energy range, especially at > 5 MeV. 

 

Figure 1.  Comparison of the effective cross sections calculated into 640 bins with MCNP. 

Default Spectra 
The trial spectra were also calculated with MCNP using the detailed MCNP models in references [1,2].  
The 235U cross sections from ENDF/B-VI were used for the trial spectra because these cross sections were 
the ones being tested at the time of the ZEUS measurements.   The spectra were calculated in the sample 
holes in the sample plate without samples in the holes.  The default spectra are shown in Figures 3-7 
below in the Analysis of the ZEUS Foils section. 

Analysis of the ZEUS Foils 
Gamma spectra from all of the foils were measured with a germanium detector after they were irradiated.  
The counts in the largest gamma-ray peaks were calculated with the Peak Easy code [14].  The ratio of the 
number of activated nuclei to the total number of target nuclei for each reaction was calculated using 
EXCEL spreadsheets.  Corrections were made for the detector efficiency, branching ratio, mass of the 
foil, isotopic abundance, length of time of the irradiation, time from end of irradiation until the start of the 

1.0E-09

1.0E-08

1.0E-07

1.0E-06

1.0E-05

1.0E-04

1.0E-03

1.0E-02

1.0E-01

1.0E+00

1.0E+01

1.0E+02

0 5 10 15 20

Ef
fe

ct
iv

e 
Cr

os
s S

ec
tio

n 
(b

ar
ns

) 

E (MeV) 

Al27(n,p)Mg27

In115(n,g)In116m+Cd

In115(n,g)In116m

Fe56(n,p)Mn56+Cd

Cu63(n,g)Cu64

Cu63(n,g)Cu64+Cd

Mg24(n,p)Na24

Al27(n,a)Na24

Ti48(n,p)Sc48

Au197(n,g)Au198+Cd

Au197(n,g)Au198

Ti47(n,p)Sc47

Ni58(n,p)Co58+Cd

Sc45(n,g)Sc46+Cd



4 
 

gamma measurement, and the length of time of the measurement.  When several gamma-ray branches had 
good statistics, a weighted average was calculated. 

ZEUS Experiment 1 

For this experiment the core loading contained 10 units. Each unit contained one inner HEU disk and one 
outer HEU ring sandwiched in the middle of eight graphite plates.  Reference [1] provides details.  The 
foils were located in recessed holes in an aluminum plate, shown in Figure 2.  This plate was located 
between units 4 and 5.  Table 1 lists the data from the gamma-ray measurements of the activated foils.  
The ratio is the number of activated nuclei divided by the number of target nuclei.  Corrections were 
made for the isotopic abundance, detector efficiency, gamma-ray branching ratio, decay since the end of 
the irradiation, and decay during the gamma-ray measurement decay. 

 

Figure 2.  Aluminum sample plate 0.125 inch thick with 24 recessed holes for the foils [15]. 
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Table 1. Experiment 1 Foil Data 

Reaction Cd 
Cover? 

Isotopic 
Abundance (%) Half-life Ratio 

In115(n,g)In116m yes 95.70 54 m 5.048(25)E-11  
In115(n,g)In116m no 95.70 54 m 4.955(26)E-11  

Fe56(n,p)Mn56 yes 91.72 2.57 h 4.94(36)E-15  
Cu63(n,g)Cu64 no 69.17 12.8 h 4.636(17)E-12  
Cu63(n,g)Cu64 yes 69.17 12.8 h 4.480(16)E-12  
Mg24(n,p)Na24 no 78.99 15.06 h 5.4(1.7)E-15  
Al27(n,a)Na24 no 100.00 15.06 h 2.96(22)E-15  
Ti48(n,p)Sc48 no 73.80 44 h 1.80(55)E-15  

Au197(n,g)Au198 yes 100.0 2.69 d 9.785(25)E-11  
Au197(n,g)Au198 no 100.0 2.69 d 9.559(25)E-11  

Ti47(n,p)Sc47 no 7.30 3.43 d 1.139(72)E-13  
Ni58(n,p)Co58 yes 68.27 72 d 6.606(86)E-13  
Sc45(n,g)Sc46 no 100.0 85 d 2.849(12)E-12  
Sc45(n,g)Sc46 yes 100.0 85 d 2.660(17)E-12  
Fe54(n,p)Mn54 yes 5.80 310 d 2.0(1.7)E-13  

 
The GAMED code was run with this foil data.  A 640-bin trial spectrum was calculated with an F4 tally 
in the holes in the sample plate without foils present.  The details of the MCNP model, without the sample 
plate, are available in reference [1].  

Figure 3 shows a comparison of the fitted spectrum with the trial spectrum.  The statistical uncertainty 
increases at high energies in both the fit spectrum and the trial spectrum.  Note that error bars for each 
energy bin are not shown because the MAXED code does not calculate them.  The fit closely matches the 
trial spectrum below 6500 keV, but above 6500 keV, the fitted spectrum is higher.    This may indicate 
that the 235U cross sections, on which the trial spectrum is based, are too low at high energies.  

 

Figure 3.  Comparison of the MCNP trial spectrum and the spectrum determined by unfolding the 
activation foils data for experiment 1, which had 8 graphite plates per unit. 
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 ZEUS Experiment 2 

This experiment was similar to experiment 1, but the core loading contained 9 units.  Each unit contained 
one inner HEU disk and one outer HEU ring sandwiched in the middle of six graphite plates.  The sample 
plate was located between units 2 and 3.  Table 2 lists the data from the gamma-ray measurements of the 
activated foils.   

Table 2. Experiment 2 Foil Data 

Reaction Cd 
Cover? 

Isotopic 
Abundance (%) Half-life Ratio 

Al27(n,p)Mg27 no 100.0 9.45 min 1.794(42)E-14  
In115(n,g)In116m yes 95.70 54 m 9.063(22)E-11  
In115(n,g)In116m no 95.70 54 m 9.312(25)E-11  

Fe56(n,p)Mn56 yes 91.72 2.57 h 1.174(44)E-14  
Cu63(n,g)Cu64 no 69.17 12.8 h  1.142(3)E-11  
Cu63(n,g)Cu64 yes 69.17 12.8 h  1.156(3)E-11  
Mg24(n,p)Na24 no 78.99 15.06 h 1.83(18)E-14  
Al27(n,a)Na24 no 100.00 15.06 h 8.01(28)E-15  
Ti48(n,p)Sc48 no 73.80 44 h 2.72(56)E-15   

Au197(n,g)Au198 yes 100.0 2.69 d 1.983(3)E-10  
Au197(n,g)Au198 no 100.0 2.69 d 2.013(3)E-10  

Ti47(n,p)Sc47 no 7.30 3.43 d 3.03(12)E-13  
Ni58(n,p)Co58 yes 68.27 72 d 1.688(14)E-12  
Sc45(n,g)Sc46 yes 100.0 85 d 5.713(37)E-12  
Sc45(n,g)Sc46 no 100.0 85 d 6.085(39)E-12  
Fe54(n,p)Mg54 yes 5.80 310 d 1.53 (19)E-12  

 

Figure 4 shows a comparison of the fitted spectrum with the trial spectrum.   The fit closely matches the 
trial spectrum below 3000 keV, but above 3000 keV, the fitted spectrum is higher.    This may indicate 
that the 235U cross sections, on which the trial spectrum is based, are too low at high energies. 
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Figure 4.  Comparison of the MCNP trial spectrum and the spectrum determined by unfolding the 
activation foils data for experiment 2, which had 6 graphite plates per unit. 
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Figure 5 shows a comparison of the fitted spectrum with the trial spectrum.  The fit closely matches the 
trial spectrum below 8000 keV, but above 8000 keV, the fitted spectrum is higher.    This may indicate 
that the 235U cross sections, on which the trial spectrum is based, are too low at high energies. 

 

Figure 5.  Comparison of the MCNP trial spectrum and the spectrum determined by unfolding the 
activation foils data for experiment 3, which had 4 graphite plates per unit. 
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Table 4. Experiment 4 Foil Data 

Reaction Cd 
Cover? 

Isotopic 
Abundance (%) Half-life Ratio 

Al27(n,p)Mg27 no 100.0 9.45 min 7.19(10)E-14  
In115(n,g)In116m yes 95.70 54 m 4.458(19)E-11  
In115(n,g)In116m no 95.70 54 m 4.575(16)E-11  

Fe56(n,p)Mn56 yes 91.72 2.57 h 2.903(66)E-14  
Cu63(n,g)Cu64 no 69.17 12.8 h 6.709(20)E-12  
Cu63(n,g)Cu64 yes 69.17 12.8 h  6.773(20)E-12  
Mg24(n,p)Na24 no 78.99 15.06 h 4.40(24)E-14  
Al27(n,a)Na24 no 100.00 15.06 h 1.858(42)E-14  
Ti48(n,p)Sc48 no 73.80 44 h 7.00(61)E-15   

Au197(n,g)Au198 yes 100.0 2.69 d 6.385(19)E-11  
Au197(n,g)Au198 no 100.0 2.69 d 6.311(19)E-11  

Ti47(n,p)Sc47 no 7.30 3.43 d 6.16(12)E-13  
Ni58(n,p)Co58 yes 68.27 72 d 3.415(35)E-12  
Sc45(n,g)Sc46 no 100.0 85 d 4.120(32)E-12  
Sc45(n,g)Sc46 yes 100.0 85 d 4.346(19)E-12  
Fe54(n,p)Mg54 yes 5.80 310 d 2.98(37)E-12  

 

Figure 6 shows a comparison of the fitted spectrum with the trial spectrum.  The fit closely matches the 
trial spectrum below 4200 keV and above 13000 keV, but the fit is a little lower between these energies.   
The agreement is unexpectedly good agreement, especially at high energies.  This might be due to 
uncertainty about the exact configuration when the sample plate was included. 

 

Figure 6.  Comparison of the MCNP trial spectrum and the spectrum determined by unfolding the 
activation foils data for experiment 4, which had 2 graphite plates per unit. 
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ZEUS Experiment 5 

This experiment was similar to experiment 1, but no graphite moderator plates were used.  The core 
loading contained eight inner HEU disk and eight outer HEU rings.  The sample plate was located 
between units 5 and 6.  Table 5 lists the data from the gamma-ray measurements of the activated foils. 

 

Table 5. Experiment 5 Foil Data 

Reaction Cd 
Cover? 

Isotopic 
Abundance (%) Half-life Ratio 

Al27(n,p)Mg27 no 100.0 9.45 min 1.318(9)E-13  
In115(n,g)In116m yes 95.70 54 m 3.317(16)E-11  
In115(n,g)In116m no 95.70 54 m 3.366(18)E-11  

Fe56(n,p)Mn56 yes 91.72 2.57 h 6.039(88)E-14  
Cu63(n,g)Cu64 no 69.17 12.8 h 3.341(14)E-12  
Cu63(n,g)Cu64 yes 69.17 12.8 h  2.922(13)E-12  
Mg24(n,p)Na24 no 78.99 15.06 h 9.37(31)E-14  
Al27(n,a)Na24 no 100.00 15.06 h 4.124(60)E-14  
Ti48(n,p)Sc48 no 73.80 44 h 1.794(60)E-14   

Au197(n,g)Au198 yes 100.0 2.69 d 2.746(13)E-11  
Au197(n,g)Au198 no 100.0 2.69 d 2.793(14)E-11  

Ti47(n,p)Sc47 no 7.30 3.43 d 1.142(14)E-12  
Ni58(n,p)Co58 yes 68.27 72 d 6.598(25)E-12  
Sc45(n,g)Sc46 no 100.0 85 d 2.236(13)E-12  
Sc45(n,g)Sc46 yes 100.0 85 d 2.227(16)E-12  
Fe54(n,p)Mg54 yes 5.80 310 d 5.11(21)E-12  

 
Figure 7 shows a comparison of the fitted spectrum with the trial spectrum.  The fit is higher than the trial 
spectrum at < 2600 keV and at > 7500 keV and lower between these energies.  This may indicate that the 
235U cross sections, on which the trial spectrum is based, are too low at high energies. 
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Figure 7.  Comparison of the MCNP trial spectrum and the spectrum determined by unfolding the 

activation foils data for experiment 5, which had no graphite plates. 

Figure 8 shows a comparison of the fitted spectra.  As expected, the fluence is highest when no graphite 
was present but decreases as more graphite was included.  The shape and separation between the spectra 
may depend on the location of the sample plate in the loading.  The sample plate was in the middle of the 
loading only in experiment 5.  The statistics are poor at > 8000 keV, but these could be improved by 
much longer MCNP runs (days) or use of the HPC (High Performance Computer) for the trial spectra and 
the binning of the cross sections for the response functions.   
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Figure 8.  Comparison of the fitted spectra for the five ZEUS experiments.  

Figure 9 is an expanded plot of the energy region 0 to 10000 keV.  The spectra for the configurations with 
carbon show some structure caused by reactions on carbon as labeled with a few reactions in the figure 
whereas the spectrum without carbon (experiment 5) is smooth. 
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Figure 9.  Fitted spectra showing locations of some structures caused by reactions on carbon. 

Conclusions 
The Maximum Entropy (MAXED) code has been used to unfold the ZEUS activation foil data taken in 
2000 and 2001 to determine the internal neutron spectrum in the five configurations.  The unfolded 
neutron spectrum is higher than the spectrum calculated with MCNP above 6500 keV in four of the five 
experiments.  This suggests that the 235U cross sections are too low in this region.  The statistics are poor 
above 10000 keV because the cross sections are small.  The statistics could be improved with longer 
MCNP runs for the response functions binning and the calculations of the neutron spectra.  This would 
require days on a PC, and obviously, a HPC would be much faster.  Analysis of this data and other data 
with different unfolding codes is needed to better understand the unfolding.  Also, if the primary interest 
is in the MeV region, more foils with threshold energies in this region should be included.   
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Appendix 

Partial Examples of MAXED files 
The MAXED manual obtained with the code from RSICC provides a detailed description of the 
requirements for these files.   The files are in strict FORTRAN formats.   

1. Control file 

 

 

 

  

2. Measured data 
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3. Response Functions 

… 

 

 
… 
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4. Output File 

 
        … 

 
        … 
 
5. Default Spectrum 

 
   …. 
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   … 
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